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Abstract

This report describes the work done under Contract NAS - 8-11485
during the period 1 November 1965 to 31 Jsnuary 1966. The work during
this pericd was directed towards an improved description of the reacting
“urbulent mixing layer found in the base region of large lounch vehicles.

Characteristic times for the decay of turbulent eddies s for the
transfer of energy through chemicel resctions sre computed and compared.
It is found that, for an important energy-releasing resction in the after-
burning region, the turbuleat mixing times are much longer than the reaction
times. Thus, fluid-mechanical mixing may be the dominant process in the
determination of the flame stand-off distance in the afterburaing situation.
Following the ideas of Proudian snd Feldmsn, then, a procedure is presented
for incorporating turbulent mixing in the afterburning Jet problem.
Numerical calculations have not yet been implemented, however.

The work presented in this report was accomplished by Graduste Research

Assistant Mr. Jacques Nuyts under the direction of Prof. R. F. Hoglund.



1. Characteristic Times in Reacting Turbulent Mixing

In turbulence the characteristic time has been defined as the time
it takes for the natu;'al decay of eddies .t.o transfer energy from one
eddy' corresponding to a wave number %k to a smaller eddy correspon;iing
to wave number k + A‘ k. This transfer of energy will continug to take
prece until the size of the eddy is so small that viscous dissipation and
molecular diffusion become dcminant.

1l

It has been shown ﬂmt in the inertial convectlve subrange the

charecteristic time for @nrbulent decay is given by
Ty = x E (k) ]
vhere B (k) is the turbulent energy spectrum. Since Kolmogerov's law

| E(x) = 6:2/ 3 k'sl 3 .a:p'plies in this range 7, cen be expressed az

T

-2/3
e = [ %k /

Also, as was previocusly shown, if a spectrum G (k) 1is defined for the
concentration field of a reactant, the characteristic time correspcnding
to the reactive energy transfer rate is

-1/2

T = [ xc2e (x) ]



where C 4s the reaction rate constant. Again, expressing G (k) in
the inertial subrange

() = Bx3ep 3¢e Y3123,

™ - g~H2 =1 /3 exp [ - -;?’_,- ¢ /3 -2/3 ] (2)

vhere B 18 a constant to be defined later snd e 1s the tctzl rate of
energy dissipation.
These times are locally defined. To find the time corresponding to

the "dissipation” of a given inhcmogeneity in the flow field has

T
to be summed over an interval of weve musbers.

It will be assumed that the original scale for inhomogeneities intro-
duced in the flow corresponds to the size of the largest eddies in the
boundary region of the Jet.

It is further assumed that the original scale defined sbove can be
spproximated by L, 1/k,, where k_ corresponds to the maximum
of the energy spectrum.

A reactant element will be considered to be thoroughly zixed with
the fluid in the jet core at a point where the large eddies which captured
the element at the jet boundary have decayed into the range of wmolecular
diffusion. This point corresponds to the wave nusber "k d"' Using the
Kolmogorov scale 1T = (v3/e )l/h , vwhere v 1s the kizematic viscosivy,

kd-lln
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Pigure 1. Energy Spectrum

Hence the time it takes turbulence to mix any new elemcnt introduced

into the mean flov can be expressed as
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vhere o is a constant of order unity. Substituting cquetion (1)
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For steady, homogeneous, isotropic turbulence the following relations hold.

L

| e
g = ou' (222

whezre A g is the dissipation scale

~u'  is the RMS turbulent velocity
A 1s a constant of order unity

Thus T can be written as

T

T

but for large Reynolds number ke <<< kd, or 't’e >»> 1, thus k ~2/3

d
18 negligible compared to ke'al 2, and v, becomes
2 2
- de el WLy a?
o= (3R L r ¢ (3)

where KT is a constant of order unity.

It is seen that 7, given by (3) iz only a rough approximation of
the effective time for turbulent mixing of the engulfed fluid. First of
all the spectrum of kinetic turbulent energy has been integrated not only
over the inertiel but alsc over the diffusive subrange. In the latter
range E (k) ~ k"7 instead of k"sl 3, which was used. The choice




of ke end k‘1 appear arbitrary but if the physical picture is correct

the resulting T, will be an upper limit of the effective time of mixing.

T
A similar procedure will be followed for the time of energy transfer

by chemical reactions. As stated previously G (k) as defined spplies
only to the inertiasl subrange. The relationship for larger wave numsbers

1l 2

as given by Corrsin™ and Batchelor™ aQiffer significantly.

Integrating as before from ke to k. vith k, 6 >>> ke

a a
kdd'rR
UL

k
vhere B 1s of order unity. Neglecting terms of order ( Ef- ) g’ ves
d
o g pV2 o1, 13 30 M3y ~2f3
TR BB C "k, exp [~ FCe ky ]

9? k2/ 3 vhere ;E is the mean square concentration. This

But B
is obtained by dimensional analysis, expanding the exponentiel term for

mell [ ce M3 kd'2/3]. Substituting B and k. in T

a R
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vhere 0' 48 the RMS of concentration. Expanding for ammall
e 3'1/2 v1/2 1 &lves




> /2 1/2
= = Bl < - [
" T 3P FoE,, %R 2o g

v

where KB is a constant of order unity. Therefore 7., 1is a2 function of

R
two parsmeters ¢ and v describing an isotropic turbulent flow in the
inertial subrange and of the two chemical parameters the reaction rate
constant C and concentration, 9°'.

It is now possible to obtain scme representative values for the
respective times. Date for a characteristic rocket exhaust jet as given
by Feigenbutzu bhave been used. The conditions given below are at x = 0

on the centerline of the jet (subscript J ).

Altitude 15.5 x 10° ft. 50 x 105 ft.
T, 1750 °k 1230 %
o5 5.5 x 10”3 1s/rt> 1.62 x 1673 b5/t
u; 9.333 fps 9.850 fps
{c,] 0.013 0.013
J

Data were also used at the boundary of the jJet for x~ 18 r; and 76 rs-

Altitude, ft. 15.5 x 105 15.5 x 10° 50 x 10°
x/rJ 18 76 15
rB/rJ 1 1.25 1
T/TJ 1.5 1.7 1.8
o/og 0.75 0.75 0.57
w/u, 0.68 0.48 0.65
0.45 0.1 0.4k



The reaction considered

@®
OH+H, > H)+H

18 one of the most important for energy release.

and De]greco5 5900

X = 1013.8“ RT )

The reaction rate ig then

cC = p k1
General data:

u = 2,7 %107 Ibs/ft see

x/r; 16

c/u'3

18 76

6.36  6.93 28.2

-3

According to Kaufman

300 <« T < 2000 %

(The latter values were derived from the values of the dissipation lengih

3 Xe
scale t, = 1 o ( e ) in rownseud6.)
3/3 ¢ 2
¥ith these data the following wvalues of T and Tp Vvere obtained
Altitude x/r‘7 Ty (sec) 15 (sec)
15.5 x 10° 18 Ky 2.28 x 207 K, 3.96 x 1013
: 7% Ky 0.792 x 10”2 Ky 15.1 x 1013
50 x 105 16 K, 2.54 x 10~ Ky 5.13 x 1013




It is8 to be noted that the walues of ¥, obtained here egree felirly

T
well with usual ignition delasy times obtained in the literature for tur-
bulent flame combustion. The magnitude of the rstio TT/‘TR indicates
that the delaying factor in the chemical heat release (at least for the
chosen reaction) is not the chemistry itself. It is instead the delsy in
turbulent mixing of reactants. The reaction rate constant as well as
8' may differ markedly for another reaction. A new model of turbulent
mixing is introduced by Proudien and Felduan'. Let us consider a jet

flow with a mean turbulent boundary as given in Figure 2.

G (z
-*/,--
(é?,,"umixed" fuid

dp (z -g)? Mflnid that hes bdbeen
77 completely “wixed”
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Figure 2, Jet Flow with Mean Turbulent Boundaxy

| The wixing of surrounding gas with fluid im the turbulent core takec
place first hy means of the action cf large eddies which convect large
fluid elements (large with respect to the Kolmogorov scale). At the sama
time these elements arz distorted by the shearing effects of the smallar
eddy motion. This process cccurs until the scale of the inhmiogeneitics



has been reduced to the point that molecular diffusion "mixes" the engulfed
fluid. This mixing takes place over a length §T = KT E—?— s Vvhere

u' 41s defined at the boundary at the station (z - §T) . An element of
fluid entering the fluid jet at (s - §T) will be considered to be part
of the jet core at (z), where mixing is campleted and reaction can occur.
The recaction will cecur over a length given approximately by

1/2 o'

& = K (§) 2o

Here u' should bs evaluated 2t (z) instced of (z gT) but £, is small enough
that it is considered invarient in that interval. Thus N 1s nearly

invarient. From the values of the ratic 7./r;, chemicel reaction will
occur slmost as soon as mixing is completed: The corresponding energy
release then will take place instantly.

The turbulent core may be resolved into two components: (1) a pert
vhich bas not been mixed on a moleculer besis with the main flow ~ this
portion of the engnlfed fluld mainteins its original properties at station
(2) this corresponds to the elements entezing the jet after (z - gT) 3
(2) a homogeneous component which consists of the initisl jet fiuid ard
the engulfed fluid products after the reacticn.

Thus any fluid element entering the jet will mix and resct chemically
after what is called a lag-time or lag~distance given by

u'2 1/2 1

TRt R tR ()
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vhere TR«< 'T ’ §R<« g.r .

The external fluid entering the core at (z - £) wiil travel over
the distance £ before it can be considered as part of the mixed £luid,
Hence the change in jet proparties are coatrolled over a distance dz
by the fluld entering the Jot in 4{z - €). Writing the eguations of
rass, momentum end energy conservation an atiempt is mmde to describe the
Jet mixing reglon for two dimensional ox axisymmetric flows.

An axially symmetric flow is considered in which the boundary layer
epproximations are valid according to the general mixing theory. In parti-
cular 4t iz cssuned that there is no pressure gradient in the nmixing
reglon. Let x be axial distance, y the rodial distance =2nd u and v
the respective velocity components. Barred values are time averages with
usual turbulence chearacteristics.

The general set of equations becomes

1) Mass conservation

dp u do ¥ P v
% 3 2t Al

2) Masentun coaservation

o/
] =]
-

1 3 -
¥ 3 [Lyep

where ¢ 1s the eddy viacosity vwhich is assumed to be independent
of y.

1C




3)

%)

5)

Species conservation

o C 3 C 3 C
Rt ¢ 57 et 1 3. ey e o
PUSX o 3 Y = yay[ypnl’eay]*wi
where D,, is the binary diffusion coefficient (assuming that

only one coefficient can be chosen for the species present) and
31 is the rete of production of species {.

Energy Equation

T %= = 3¢
—-=3 h — 3 T . -~ aT, - b
pugx *eovygy = yﬁ(cptp'yay+py312§hiay]

- 2
*ep(%—;":)
vhere B = C T
Pe
° IT
= ¢ C ar
by by 0,
¢ = TC C

Pp 3 1P

Perfect gas equation of state

p =& RE

Ps Py
P ™ R T c, = =
{ ﬂ'i'o i 5
P.zpl



let o, be the amount of element 1 that enters the turbulent jet
from the atmosphere and £ be the distence it travels before it is
"mirzed". The element has a velocity V and therefore its momentwm is
added to that of the jet. ¢, = C," ¢ where C;* dis the concentration
of spscies % 4n the surrounding air. In general ci' =m0 except for

02, 0, N

2,
tion of x and y. Should the boundary of the jet be known, ¥, (x),

N. ¢C,' will be s function of sltitude. o 1s @ func-

¢ would bte a function of x only by asssuming that ¢ 4s a function of
y =&t any station x.
The differential equations now became

2 FEERrEVEY = FsFlyeriylvey
2 C a C 3 ¢
D TS syt Gty 1t H e
= C
-—-=3h, 3% 12 - AF , - d ¢
RIS M s T LW RS x MEL T

v

vhere H, 1s the total enthalpy of the engulfed fluid H, = hy +5- .
Note that due to the mixing lag ¢ in equetion (i) is evaluated at

X -« € while the other parameters are evalusted at x. Thia expresses
the fact that after a time ¢ the newly engulfed fluid will be sble to

release 1ts energy to the flow field: g, = ¢ {(x ~%). Amore



i3

accurate picture would be to sum over the vhole downstream distance:

X
-1 P
= ¢ (x~£) dz
¥ ‘yo d =
vhere o nov represents the portion of the fluid that iz already mixed
with the core at station x'. But i1f the mixing (vhich in fect is gradusl)
takes plece over & small length compared to the range over which the inviscid
Tlow properities change we cen take o« as a § - function pesking at
X~ §.

22 = 5 (z-t)

and then take

% = o (x-2)

The description of § and o (x) then campletes the model and a
nuserical solution can be sought. In doing sc a mean boundary is first
computed fircm laxiner flow yb(x). A function ¢ (x) for the
engulfpent of external fluid is them aszsumed,



2. Work Planned for Next Reporting Period

Due to the graduaticn (vith an M.S, degree) of Mr. Nuyts and the
begimiing of a new semester, the burden of work during the next reporting
. period will fall to Mr. H, F. Nelson, Graduste Regearch Imstructor. Undey
the direction of Prof. Robert Goulard, Mr., Nelson will study the basis fur
and applicability of statistiecal treatmsnts of moleculer band models for

radietion,

0
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